. the published data is that these seven proteins form a
making analysis of later developmental phenotypes imway in the eye anlagen using the same driver and we find that hyperactivation of many elements leads to the possible. The same phenotype was obtained with dominant negative Ras indicating that this activity is Ras homeotic transformation of the eye into a morphologically complete antenna. This is different from the hyperdependent (not shown). We expressed wild-type and activated forms of several components of the Ras pathplastic growth of the eye reported by others (Karim and Rubin, 1998) and may reflect the different promoter conboth Su(H) and many of the proteins of the E(spl) complex (m4, m7, m8, m8 DN , m␣, m␤, m␥, and m␦) but obtexts for the ey transcriptional enhancer used in their construct. While we have not verified their ey-Gal4 lines, served no effect on either eye or antenna disc development (not shown). We did, however, obtain homeotic we have shown that the ey-Gal4 line used here does direct the correct expression pattern of a UAS-lacZ reeye to antenna transformations when we removed Mastermind (Mam, using a dominant negative construct), a porter (not shown).
Homeotic transformation of the eye to antenna can member of the neurogenic gene group that encodes a nuclear protein of unknown function (Helms et al., 1999). also be induced by the Egfr ligand Spitz ( Figure 1B) Figure 1C to transformed in Figure 1D Slp1 (not shown). Taken together, these observations suggest that along with Egfr and Notch, both Wg and In all cases where a particular transgene failed in our assay, we introduced several copies of the transgene Hh signaling function during eye and antenna disc specification. (to increase the genetic dose) and conducted the experiment at 29ЊC (to maximize Gal4 function). Both of these steps should increase the amount of protein that is proDo Egfr and Notch Act Upstream of the Eye duced. In all of the reported cases here, these steps Specification Genes? failed to produce any additional phenotypic effects. We
We undertook a molecular epistasy study, examining were able to determine that each element is functional the expression of some of the eye and antennal specifiby inducing embryonic lethality via ubiquitous exprescation genes in the transforming conditions (described sion of each transgene using a hsp70-GAL4 driver. above) during the third larval stage (before cell types These three tests were also used to validate each eledifferentiate, Figure 2B ). In eye specification gene mument that produced a negative result described heretants (such as ey), ommatidial development is blocked, after. Thus, it may be that the failure of Mek, Mapk, and but the eye disc remains in a reduced form ( Figure 2C ). PntP2 to induce this transformation reflect the existence Conditions that produce eye to antenna transformaof actual branch points in the pathway. However, it is tions, whether through hyperactivation of Egfr or downalso possible that the quantitative levels of expression regulation of Notch signaling, show a complete replaceof these three elements are not limiting for this signal at ment of the eye disc with an antenna disc ( Figure 2D autoregulatory mechanism. That the transformation ocantenna transforming function of Egfr and Notch pathway signaling should be coincident with, or earlier than, curs despite this may reflect a phenocritical period for the eye-antenna transformation; once the transformathe time at which the eye and antenna specification genes are first specifically coexpressed. We set out to tion has occurred the system is refractory to the loss of Egfr signaling (see below). test all three of these predictions.
When and Where Are the Eye and Antenna When and Where the Eye and Antenna Are Specified: a Hypothesis Specification Genes First Expressed?
To test the first prediction above, we collected embryos The seven known eye specification genes are thought to act in a genetic and biochemical complex; by pairwise (at 1 hr intervals from 1 to 16 hr after egg deposition, AED) and analyzed them for expression of the canonical tests, their products have been shown to either directly regulate each other's transcription or to interact at the eye specification gene ey (Pax6) and the antenna specification protein Dll (Figure 3 ). Dll is first detected at 7 hr protein level, or both (Heberlein and Treisman, 2000). From the few published reports of the early expression in the leg imaginal disc primordia and in several segments in the embryonic head (data not shown). ey tranpatterns of eye specification genes and from fate mapping experiments, it has been suggested that eye versus scription in the eye imaginal disc is first detectable at 11 hr (arrows in Figure 3A ) while Dll is seen in an adjacent antennal fate specification occurs during the latter stages of embryogenesis (Heberlein and Treisman, 2000). These region (arrowheads in Figure 3A ) as well as other sites. In latter stages of embryogenesis, the eye imaginal disc concepts lead to a straightforward hypothesis: at some point in the developing embryo, the seven eye specificainvaginates and assumes a more dorsal-medial position within the embryonic head, just above the developing tion genes' products are coexpressed in the presumptive eye and act to specify its fate. A similar event (with embryonic brain (Younossi-Hartenstein et al., 1993). We observe regions of ey expression that correspond to different genes acting) also specifies the antenna.
If this hypothesis is true, then three predictions should this (arrows in Figures 3B and 3C) . Furthermore, this ey expression corresponds to domains of Escargot expreshold: (1) At some time during embryonic development, there should be two domains of expression of the eye sion (Esg), a general imaginal disc marker (data not shown; Hayashi et al., 1993). However, Dll expression specification genes that correspond to the future eyes and anterior to these should be two domains of antenna is more anterior and it is not clear if these sites correspond to the presumptive antennae (arrowheads in Figspecification gene expression marking and acting to direct antenna fate. These gene products should be ures 3B and 3C). It thus appears that ey is expressed in both the presumptive eye and antenna by 13 hr and specific to the future structures they mark, and should not be found elsewhere. (2) The eye specification genes remains there through the last embryonic time point observed, and that Dll is not expressed in the future should be coexpressed in the same cells. This is known to be true of toy, ey, and eyg (Jones et al., 1998; Czerny antenna at any embryonic time. It is also quite clear that ey is expressed in many sites in the embryo that will et al., 1999). (3) The phenocritical period for the eye to never form eye (such as the segmental grooves). In short, we cannot distinguish the position of the presumptive eye or antenna during embryonic development based on the specific expression of their respective "master control" genes-neither ey nor Dll expression are sufficient to specify the eye or the antenna; therefore, prediction 1 (above) does not hold true.
Are the Eye Specification Genes Coexpressed during Embryonic Development?
We examined the expression pattern of Eya and Dac proteins and so transcription at 1 hr time points (from 1 to 16 hr AED) and found that none of these three eye specification genes are coexpressed with ey within the presumptive eye (Figures 3D-3I ). The fact that these genes are not expressed within the same cells during embryonic development precludes any possibility that their products act in a multiprotein complex critical for eye specification in the embryo and, thus, prediction 2 (above) does not hold true either. However, eye specification might occur later in development.
The Eye Specification Genes Are First Coexpressed in the Second Larval Stage
In second stage larva, the eye specification gene products are completely segregated into the eye portion of eye-antennal disc ( Figures 4A, 4C, 4E, and 4G ), but the antennal marker Dll is evenly expressed in both the eye and antennal segments ( Figure 4I) . Interestingly, the expression patterns of the eye specification genes are still not completely overlapping. For instance, toy appears to be expressed throughout the entire eye field ( Figure  4A ) while both eya and dac are expressed just in the posterior portions of the eye disc ( Figures 4C and 4E ). In the third larval stage, the eye specification genes remain within the eye portion ( Figures 4B, 4D, 4F , and 4H) and Dll is now segregated to just the antennal segments ( Figure 4J ).
The Phenocritical Period for Eye to Antenna Transformation Is Also in the Second Larval Stage
We made use of the cold sensitivity of the GAL4 protein to determine the phenocritical period. GAL4 is a yeast protein and is fully functional at 25ЊC but is less active at 18ЊC. Flies of the ey-GAL4/UAS-Ser DN genotype were raised at 18ЊC, shifted to 25ЊC for a consecutive series of 24 hr periods, and then returned to 18ЊC until late third instar imaginal discs could be examined ( Figure  5 ). The use of the dominant negative Ser construct in this experiment effectively eliminates Notch pathway eye-antennal complex is completely normal if kept continuously at 18ЊC (negative control, data not shown) while constant exposure to 25ЊC temperatures resulted val stages failed to induce any effects. The eye-antennal discs are completely normal as seen in Figure 5B . This is in the eye to antenna transformation (positive control, Figures 2D, 2F, and 2H ). These controls confirm that the consistent with our expression data (above) suggesting that the eye is not specified during embryogenesis. A cold sensitivity of GAL4 protein activity is sufficient in our hands to control the transformation.
temperature shift during the first half of the second larval stage resulted in a reduced eye field, but no transformaTemperature shifts during the embryonic and first lar- Figure 6B ). Inwhere? We favor the former interpretation (transformation) because in hundreds of transformed L2 disc comterestingly, Notch appears especially active along the eye margins and midline, where it is thought to regulate plexes dissected, we never observed a degenerating eye disc, or a small (presumably regrowing) antennal retinal polarity (Blair, 1999). ey, on the other hand, appears to be exclusively within the eye field ( Figure 6E ). disc. In all cases, the transformed antenna is equal in size to the normal one. Indeed, both are somewhat larger
In the third larval stage, Notch expression is upregulated in the morphogenetic furrow, where it acts to control than normal (compare Figures 2B and 2D, shown to (Figures 6C and 6F) . example of a homeotic role for not only the Egfr itself but for a receptor tyrosine kinase in the specification of an organ (Ras has been implicated in the modulation of Discussion homeotic transformations of the antenna to maxillary palps; Boube et al.
, 1997). As this function is specific Egfr and Notch Signaling in Eye Specification
We have shown that Egfr and Notch signaling act in to Egfr (FGF receptor homologs cannot substitute for it), this homeotic function is specifically attributable to the specification of the eye: Egfr signaling promotes an antennal fate while Notch signaling promotes an eye the Egfr itself and not just the Ras cascade. While activating Egfr or blocking Notch signals transfate (Figure 7) . This role for Notch is consistent with a recent report in which removal of Notch signaling can forms the eye cleanly into an antenna, the reciprocal transformation is not complete, suggesting that there partially inhibit compound eye development (Kurata et  al., 2000) . Furthermore, we have shown by molecular may be additional positive regulators of eye fate. We were unable to conduct the reciprocal transformation epistasy that several of the eye and antennal specification genes (ey, toy, eya, so, eyg, salM, and Dll) are downexperiment (i.e., antenna to eye switch via hyperactivation of Notch or downregulation of Egfr signaling solely stream of the Egfr and Notch inputs. We also have shown that Wg and Hh pathway signaling affect this specificawithin the antennal anlagen). Unlike the ey-GAL4 driver, there is not an equivalent known driver that is expressed tion (Figure 7) . The eye specification genes form a regulatory network and the direct control of any one of these solely with the antennal anlagen. All known antennaldetermining genes are also expressed in other imaginal genes may affect the others Treisman, 1999 ; Heberlein and Treisman, 2000). Thus, which (if discs. For instance, the Dll-GAL4 driver is expressed in several places within the embryonic head and leg any) of the known eye specification genes is a direct imaginal disc. Expression of Egfr or Notch constructs 2000). This led us to expect, perhaps naively, that the expression of these genes would be restricted to the with this driver results only in embryonic lethality. It may be that the antenna can be changed to an eye via presumptive eye and that they should be coexpressed together in the eye anlagen from some embryonic stage. alterations of Egfr or Notch signaling provided that the appropriate tools for their missexpression are available.
We found this not to be so; these genes are not restricted to expression in the eye (they show many other sites of Why do homozygous mutants for eye specification genes not transform the eye into an antenna? While it embryonic expression) and they are mostly not coexpressed (the expression patterns do not overlap in may be that some alleles are not nulls (e.g., ey 1 ), a more interesting possibility is that there may be functional the embryo). Thus, they cannot be acting together at this early stage to specify the eye and none of them are redundancy in some cases-particularly that of ey and toy. Thus, only when both genetic functions are elimisufficient to specify the eye on their own. We suggest that these genes come under separate nated will a true null condition exist. Just such a situation confused the phenotypic analysis of two other twin horegulation by different patterning signals in early development and that there are overlapping domains (Figure  meodomain proteins, engrailed and invected (Hidalgo,  1996) . Unfortunately, mutations of the toy gene do not 7), much like a set of colored spotlights. Only when all of the domains coincide (during the second larval stage) yet exist.
do the spotlights form white light, and the eye specification genes specify the eye (Figure 7) . This seems to The Eye and Antenna Are Specified Late be the simplest explanation since the eye specification We have presented three lines of evidence that suggest genes form a very tight genetic, biochemical, and tranthat the eye and antenna are not specified until the scriptional regulatory network suggesting that they are second larval stage. These are: (1) the late time of the together required for eye specification. It may be that first coexpression of the eye specification genes, (2) the final coexpression of the eye specification genes' the phenocritical period for our transgenic, GAL4-driven products (and the exclusion of the antennal specification transforming condition, and (3) aries were thought to have been specified. Taken to- (1996) . heartless, a Drosophila deposition). Animals were then returned to 18ЊC until third instar FGF receptor homolog, is essential for cell migration and establishlarval eye-antennal imaginal discs were examined. Egfr tsla /Egfr
